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Abstract: 13 
We have studied a mineral sample of mottramite PbCu(VO4)(OH) from Tsumeb, Namibia 14 
using a combination of scanning electron microscopy with EDX, Raman and infrared 15 
spectroscopy.  Chemical analysis shows principally the elements V, Pb and Cu. Ca occurs as 16 
partial substitution of Pb as well as P and As in substitution to V. Minor amounts of Si and Cr 17 
were also observed. The Raman band of mottramite at 829 cm-1, is assigned to the ν1 18 
symmetric ( 4VO ) stretching mode.  The complexity of the spectra is attributed to the 19 
chemical composition of the Tsumeb mottramite.  The ν3 antisymmetric vibrational mode of 20 
mottramite is observed as very low intensity bands at 716 and 747 cm-1.  The series of Raman 21 
bands at 411, 439, 451 cm-1 and probably also the band at 500 cm-1 are assigned to the ( 4VO ) 22 
ν2 bending mode. The series of Raman bands at 293, 333 and 366 cm-1 are attributed to the 23 
( 4VO ) ν4 bending modes.  The ν3, ν3 and ν4 regions are complex for both minerals and this is 24 
attributed to symmetry reduction of the vanadate unit from Td to Cs.   25 
 26 
 27 
Key words mottramite, descloizite, infrared spectroscopy, Raman microscopy, vanadinite, 28 
pyromorphite, apatite 29 
30 
                                                 
 Author for correspondence (r.frost@qut.edu.au) P +61 7 3138 2407 F: +61 7 3138 1804 
2 
 
1. Introduction 31 
Mottramite is a member of the descloizite group of minerals which are basic vanadates and 32 
are made up of minerals of the general formula PbM(VO4)(OH) where M may be Cu 33 
(mottramite), Zn (descloizite), Mn (pyrobelonite) or (Fe,Mn) (cechite) [1].  The minerals are 34 
of orthorhombic symmetry with point group mmm [1].  The minerals are built up of 35 
MO4(OH)2 tetragonal bipyramids of Ci site symmetry combined in chains along [001] 36 
connected to a framework of distorted vanadate tetrahedra of Cs symmetry and distorted 37 
PbO8 square antiprisms [2, 3].  The free vanadate ion has tetrahedral Td symmetry [4]. Ross 38 
[5] reports the free aqueous vanadate ion as having a ν1 (A1) mode at 874 cm-1, the ν2 mode 39 
of E symmetry at 345 cm-1, the ν3 mode of F2 symmetry at 855 cm-1 and the ν4 mode also of 40 
F2 symmetry at 345 cm-1.  For perfect Td symmetry, the first two modes are Raman 41 
active/infrared inactive and the last two modes both Raman and infrared active.  The presence 42 
of a cation in the aqueous vanadate solution as an ion pair reduces this symmetry. 43 
 44 
Some information on the spectroscopy of the 4VO  unit for the descloizite group is available 45 
[5, 6]. Ross  reported the infrared absorption spectra of descloizite with bands at  860, 750 46 
and 453 cm-1 and attributed these bands   to the ν1, ν3 and ν4 vibrational modes.  The Raman 47 
spectrum of mottramite was not reported.  The infrared spectra of vanadate minerals have 48 
been reported and the variation ascribed to the VO distances in the structure [7].  Griffiths [6] 49 
reported bands for the infrared spectra of descloizite at 865, 820, 777, 777, 760, 400, 384, 50 
377, 356, 301 and 200 cm-1.  Mottramite had infrared absorption bands at 834, 802, 795, 358, 51 
348, 331, 295, 288 and 188 cm-1.  No Raman spectra were reported in the work of Griffith 52 
[6].  Considerable differences in the infrared spectra of the two minerals were observed even 53 
though the two minerals had the same structure and symmetry.  Such differences may be 54 
attributed to the vanadium-oxygen stretching and vanadium-oxygen bond-bond interaction 55 
force constants of the 4VO  unit in the structure of minerals.   56 
 57 
Raman spectroscopy has proven very useful for the study of minerals [8-11].  Indeed, Raman 58 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 59 
occurs with minerals containing vanadate groups such as mottramite, descloizite, 60 
pyrobelonite and cechite. The objective of this research is to report the vibrational spectra of 61 
mottramite and to relate the spectra to the molecular structure of the mineral mottramite.  62 
 63 
 64 
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2. EXPERIMENTAL 65 
2.1 Samples description and preparation 66 
The mottramite sample studied in this work forms part of the collection of the Geology 67 
Department of the Federal University of Ouro Preto, Minas Gerais, Brazil, with sample code 68 
SAC-099.    69 
The sample was gently crushed and the associated minerals were removed under a 70 
stereomicroscope Leica MZ4. The mottramite studied in this work occurs in association with 71 
siderite. Scanning electron microscopy (SEM) in the EDS mode was applied to support the 72 
mineral characterization. An XRD pattern of the mottramite is given in the supplementary 73 
information. The XRD pattern shows the mineral is a single phase with no impurities.  74 
 75 
2.2 Scanning electron microscopy (SEM) 76 
Experiments and analyses involving electron microscopy were performed in the Center of 77 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 78 
Brazil (http://www.microscopia.ufmg.br). 79 
Mottramite crystals were coated with a 5nm layer of evaporated carbon. Secondary Electron 80 
and Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. 81 
Qualitative and semi-quantitative chemical analyses in the EDS mode were performed with a 82 
ThermoNORAN spectrometer model Quest and were applied to support the mineral 83 
characterization. 84 
 85 
2.3 Raman spectroscopy 86 
The crystals of mottramite were placed and oriented on the stage of an Olympus BHSM 87 
microscope, equipped with 10x and 50x objectives and part of a Renishaw 1000 Raman 88 
microscope system, which also includes a monochromator, a filter system and a Charge 89 
Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 nm) at a nominal 90 
resolution of 2 cm-1 in the range between 100 and 4000 cm-1.  Details of the experimental 91 
procedure have been published.  The spatial resolution of the instrument is 1 µm. Thus, if 92 
crystals are less than this value, a mixture of crystals will be measured. However, the crystals 93 
of mottramite used in this experiment were > 1.1 µm.   94 
 95 
2.4 Infrared spectroscopy 96 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 97 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 98 
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obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 99 
0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   100 
 101 
Spectral manipulation such as baseline adjustment, smoothing and normalisation were 102 
performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, 103 
NH, USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software 104 
package which enabled the type of fitting function to be selected and allows specific 105 
parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-Gauss 106 
cross-product function with the minimum number of component bands used for the fitting 107 
process. The Gauss-Lorentz ratio was maintained at values greater than 0.7 and fitting was 108 
undertaken until reproducible results were obtained with squared correlations of r2 greater 109 
than 0.995.  110 
 111 
3. RESULTS AND DISCUSSION 112 
 113 
3.1 Chemical characterization 114 
The SEM/BSI image of the mottramite crystal aggregate studied in this work is shown in 115 
Figure 1. The sample shows a complex chemical composition. The major elements are V, Pb 116 
and Cu. Ca occurs as partial substitution of Pb as well as P and As in substitution to V. Minor 117 
amounts of Si and Cr were also observed (Figure 2).  118 
 119 
3.2 Vibrational spectroscopy of mottramite 120 
The Raman spectrum of mottramite over the 4000 to 100 cm-1 spectral range is reported in 121 
Figure 3a. This figure displays the position and relative intensities of the Raman bands.  It is 122 
noted that there is very little intensity in the OH stretching region. Hence, the Raman 123 
spectrum is subdivided into sections for more detail based upon the type of vibration being 124 
studied.  The infrared spectrum of mottramite over the 4000 to 500 cm-1 spectral range is 125 
reported in Figure 3b.  This spectrum shows the position and relative intensities of the 126 
infrared bands. In a similar fashion to the Raman spectrum, the infrared spectrum is 127 
subdivided into sections for a more detailed study. 128 
 129 
The Raman spectrum of mottramite over the 600 to 1000 cm-1 spectral range is shown in 130 
Figure 4a.   The spectrum is dominated by a very intense band at 829 cm-1 which is assigned 131 
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to the symmetric stretching mode (ν1) of 4VO  of mottramite.  Some low intensity shoulders 132 
are observed at 802, 821 and 849 cm-1. The complexity of the chemical analysis is reflected 133 
in the multiple bands observed in this spectral region. Other low intensity Raman bands are 134 
found at 612, 716 and 747 cm-1.  The position of this band may be compared with the Raman 135 
band of descloizite observed at 844 cm-1 [12]. The differences in the symmetric stretching 136 
region of mottramite and descloizite are attributed to the differences in the replacement of the 137 
Pb for Zn in the descloizite example and the replacement of Pb with Cu and Ca in the 138 
mottramite case.  Sustitution of the Zn by Cu has caused an increase in the interatomic 139 
interactions on the vanadate units [12].   Replacement of the Zn by Cu has caused the internal 140 
modes of the vanadate unit to correlation couple with the same modes of another vanadate 141 
unit [12].   142 
 143 
The infrared spectrum of mottramite is illustrated in Figure 4b. This spectrum is broad and 144 
may be resolved into component bands at 684, 713, 726, 752, 898, 836, 861 and 881 cm-1. 145 
The antisymmetric stretching mode (ν3) of 4VO  of mottramite is readily observed in the 146 
infrared spectrum as the infrared bands at 726, 752 and 785 cm-1. This observation is unusual 147 
as three bands are found when six bands are expected.The intense Raman band at 829 cm-1 is 148 
reflected in the infrared band at 836 cm-1. It is probable that the very low intensity Raman 149 
bands at 716 and 747 cm-1 are due to the antisymmetric stretching mode (ν3) of 4VO  of 150 
mottramite.  Comparing the Raman spectrum of descloizite and mottramite, all vanadate units 151 
are crystallographically equivalent.  This suggests that both the Zn and Cu cations exist in the 152 
mottramite sample and according to their relative proportions and local distributions, the 153 
vibrational selection rules may be modified or relaxed.  I.e. there are two sets of overlapping 154 
bands 829/821 cm-1 and 802/ 796 cm-1.  Such a result may arise from the separate detection of 155 
vanadate in association with either the Cu or the Zn. 156 
 157 
 158 
The Raman spectra of mottramite over the 550 to 100 cm-1 spectral range are reported in 159 
Figure 5.  This spectral region includes the bending modes of the vanadate unit (ν2) and the ν4 160 
vibrational modes. Ross [5] reports the bending mode of the vanadate ion as an infrared band 161 
at 460 cm-1.  The equivalent band in the Raman is observed at 411 cm-1.  The most intense 162 
band in the Raman spectrum of mottramite is observed at 333 cm-1 with other intense bands 163 
at 293 and 366 cm-1. The series of Raman bands of mottramite at 411, 439, 451 and 500 cm-1 164 
are assigned to the ν2 bending mode.  Hence, the other bands observed in this region at 366, 165 
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333 and 293 cm-1 are attributable to the ν4 vibration.   The Raman bands between 100 and 166 
250 cm-1 are simply described as external lattice modes.  167 
 168 
The Raman spectrum of mottramite over the 3600 to 2600 cm-1 spectral range is provided in 169 
Figure 6a.  This figure shows a broad Raman band at 3162 cm-1 with a shoulder at 2927 cm-1. 170 
The infrared spectrum of mottramite shows a broad spectral profile with resolved infrared 171 
bands at 2963, 3056, 3142 and 3184 cm-1. These bands are attributed to the stretching 172 
vibrations of the OH units. These bands are associated with the substituting metal in the 173 
vanadate structure.  The hydroxyl deformation modes (Zn-OH and Cu-OH) are not observed 174 
in the Raman spectra but may be observed in the infrared spectrum.  In a previous study 175 
infrared bands were observed in the 506-508 cm-1 region and these bands were assigned to 176 
CuO stretching vibrations.  However, a more likely assignment is to the M-OH deformation 177 
modes.  No infrared or Raman bands were observed in the 1600 to 1700 cm-1 spectral region; 178 
thus, indicating that no water was present in the sample.  179 
 180 
The results of the Raman spectra of the Tsumeb mottramite show that the wavenumbers of 181 
the stretching and bending vibrations of mottramite are influenced by the forces exerted on 182 
the vanadate unit in the crystal structure.  Substitution of Cu2+ and Ca2+ for Zn2+ in the 183 
structure affects the internal force field of the vanadate unit.  This results in the complexity of 184 
the Raman and infrared spectra of the Tsumeb mottramite. The crystal structure of the 185 
mottramite-descloizite series has the Pb2+ cation coordinated by seven anions between 2.45 186 
and 2.80Å with a further two anions distant at 3.195Å.  The Zn2+ or Cu2+ cation is 187 
coordinated by six anions in a distorted octahedral arrangement with a CuO distance of 188 
2.112Å.      X-ray diffraction shows that the mottramite and descloizite form an isomorphous 189 
series.   190 
 191 
Careful single crystal X-ray structural analyses of both mottramite and descloizite have been 192 
reported. These have included bond valence calculations and attention has been drawn 193 
explicitly to differences in the VO43- geometries in these and a variety of other vanadates. 194 
Subtle differences in the two structures are associated with the Jahn-Teller distortion of the M 195 
site as Cu2+ is substituted for Zn2+ and these affect, in turn, the geometrical details of the 196 
vanadate unit and in turn results in the complexity of the vibrational spectra.  Furthermore 197 
because of the changing bond order of vanadate and Cu2+ versus Zn2+, the force constants for 198 
the V-O bonds must alter.  Thus, just as the OH modes are different in the two minerals, and 199 
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two are detected apparently as the result of the presence of both Pb2+ and Cu2+ in the 200 
mottramite sample, additional bands associated with the VO43- unit may be attributed to local 201 
perturbations in the structure associated in turn with localised Cu2+- VO43- and Zn2+ -VO43- 202 
interactions. 203 
 204 
 205 
4. Conclusions 206 
 207 
We have used a combination of Raman and infrared spectroscopy to explore the structure of 208 
the vanadate mineral mottramite.  The Raman spectrum is dominated by a very intense band 209 
at 829 cm-1 assigned to the symmetric stretching mode (ν1) of 4VO  of mottramite. Some low 210 
intensity Raman bands are observed at 802, 821 and 849 cm-1. The complexity of the 211 
chemical analysis is reflected in the multiple bands observed in this spectral region. Other 212 
low intensity Raman bands are found at 612, 716 and 747 cm-1.  These bands are attributed to 213 
the antisymmetric stretching mode (ν3) of 4VO  of mottramite. The observation of multiple 214 
low intensity bands suggests that both the Zn and Cu cations exist in the mottramite sample 215 
and according to their relative proportions and local distributions, the vibrational selection 216 
rules may be modified or relaxed.   217 
 218 
 219 
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Figure 1 - Backscattered electron image (BSI) of a mottramite single crystal up to 0.5 276 
mm in length.  277 
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Figure 2 - EDS analysis of mottramite. 282 
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Figure 3a Raman spectrum of mottramite (upper spectrum) and Figure 3b 
infrared spectrum of mottramite (lower spectrum) 
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Figure 4a Raman spectrum of mottramite (upper spectrum) in the 1000 to 600  cm-1 
spectral range and Figure 4b infrared spectrum of mottramite (lower spectrum) in the 
900 to 650  cm-1 spectral range 
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Figure 5 Raman spectrum of mottramite in the 550 to 100  cm-1 spectral range  
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Figure 6a Raman spectrum of mottramite (upper spectrum) in the 3600 to 
2600  cm-1 spectral range and Figure 6b Infrared spectrum of mottramite 
(lower spectrum) in the 3600 to 2600  cm-1 spectral range 
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